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ABSTRACT 

Atomic s t a n d a r d s  such  a s  t h o s e  b a s e d  upon c e s i u m  
and hydrogen  r e l y  upon m a g n e t i c  s t a t c  s e l e c t i o n  
t o  o b t a i n  p o p u l a t i o n  i n v ~ r s i o n  i n  t h e  h y p e r f i n e  
t r a n s i t i o n  l e v e l s .  Use o f  new d e s i g n  a p p r o a c h e s  
and improved m a g n e t i c  m a t e r i a l s  h a s  made i t  
p o s s i b l e  t o  f a b r i c a t e  irnprovcd s t a t e  s e l e c t o r s  
o f  s m a l l  s i z e ,  and  t h u s  t h e  e f r i c i e n c y  o f  
u t i l i z a t i o n  o f  beam f l u x  i s  g r e a t l y  improved and  
t h e  s i z e  and  w e i g h t  o f  t h e  s t a n d a r d  i s  r e d u c e d .  
The s e n s i t i v i t y  t o  m a g n e t i c  p e r t u r b a t i o n s  i s  
a l s o  d e c r e a s e d ,  s o  t h a t  t h e  a c c u r a c y  and  s t a b i l i t y  
o f  t h e  s t a n d a r d  i s  improved .  S e v e r a l  new s t a t c  
s e l e c t o r  d e s i g n s  a r e  i l l u s t r a t e d  and t h e  a p p l i c a t i o n  
t o  s t a n d a r d s  u t i l i z i n g  d i f f e r e n t  a t o m i c  s p e c i e s  
i s  a n a l y z e d .  

INTRODUCTION 

The geometry  and p r o p e r t i e s  o f  t h e  m a g n e t i c  s t a t e  s e l e c t o r  a r e  c r u c i a l  
e l e m e n t s  i n  a c h i e v i n g  beam s t a n d a r d s  o f  optimum p e r f o r m a n c e .  However, 
t h e  o v e r a l l  d e s i g n  o f  t h e  s t a n d a r d  must  b e  carclully c o n s i d e r e d  t o  
o b t a i n  t h e  b e s t  b a l a n c e  o f  p e r f o r m a n c e ,  r e l i a b i l i t y ,  and l o n g e v i t y .  
T h i s  p a p e r  g i v e s  a  b r i e f  r e v i e w  o f  t h e  f a c t o r s  which  r e l a t e  t o  t h e  
e f f i c i e n t  u t i l i z a t i o n  o f  beam f l u x  and t h e  o p t i r r ~ i z a t i o n  o f  t h e  a t o m i c  
beam s t a t e  s e l e c t i o n  p r o c e s s ,  and a l s o  r c v i c w s  sorrie o f  t h c  c o n s i d e r -  
a t i o n s  which e n t e r  i n t o  t h e  c h o i c e  o f  aton1 f o r  cl s t a n d a r d .  The d e s i g n  
o f  q u a d r u p o l e  and  h c x a p o l e  s t a t e  s e l e c t o r s  i s  n e x t  d i s c u s s e d ,  a n d  an 
i d e a l i z e d  a n a l y s i s  o f  beam t r a j e c t o r i e s  i s  p r e s e n t e d  f o r  t h e  d i f f e r e n t  
t y p e s .  F i n a l l y ,  s e v e r a l  s r n a l l ,  c f  f i c i e n t ,  magnpt i c  s t a t e  s e l e c t o r s  
are i l l u s t r a t e d .  

MAGNETIC STATE SELECTORS AND HEAM STANDARD ELEMENTS 

The e s s e n t i a l  f e a t u r e s  o f  t h e  a t o m i c  beam s t a n d a r d L  which  r c l a t e  t o  
s t a t e  s e l e c t o r s  and  a t o m i c  t r a j e c t o r i e s  a r e  i l l u s t r a t e d  i n  F i g u r e  I .  
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For beam d e v i c e s  des igned  t o  use  v e l o c i t y  focuss ing  t r a j e c t o r i e s  t o  
a c h i e v e  maximum e f f i c i e n c y ,  t h e  quadrupole  o r  t h e  hexapole  s t a t e  
s e l e c t o r  may be used,  depending upon t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  
p a r t i c u l a r  atom. Quadrupole s t a t e  s e l e c t o r s  have a  magnet ic  f i e l d  
which i n c r e a s e s  l i n e a r l y  w i t h  r a d i u s  abou t  t h e  beam a x i s ,  w h i l e  hexapole  
s t a t e  s e l e c t o r  f i e l d s  i n c r e a s e  w i t h  t h e  s q u a r e  o f  t h e  r a d i u s .  

The s o u r c e  f o r  m e t a l l i c  atoms i s  an  oven, and f o r  gasseous  molecu la r  
atoms a n  RF d i s c h a r g e  d i s s o c i a t o r .  The atoms emerge from t h e  s o u r c e  
through a  c o l l i m a t i n g  e x i t  h o l e  o f  l a r g e  l e n g t h  t o  r a d i u s  r a t i o  t o  
conserve f l u x  and then  pass  through t h e  s t a t e  s e l e c t o r  wherein  atoms i n  
c e r t a i n  magnet ic  quantum states a r e  caused t o  converge towards the  a x i s ,  
w h i l e  o t h e r s  a r e  d e f l e c t e d .  Atoms i n  t h e  d e s i r e d  s t a t e  pass  through an  
i n t e r a c t i o n  r e g i o n  t o  a d e t e c t o r  i n  t h e  c a s e  o f  magnet ic  resonance  
s t a n d a r d s ,  o r  t o  a  s t o r a g e  r e g i o n  w i t h i n  an  RF c a v i t y  i n  t h e  c a s e  o f  
maser s t a n d a r d s .  

BEAM INTENSITY FACTORS 

The f l u x  u t i l i z a t i o n  e f f i c i e n c y  i s  t h e  p roduc t  o f  s e v e r a l  f a c t o r s ,  t h e  
most impor tan t  of which a r e :  

F2 = (Source  D i s s o c i a t i o n  ~ f f i c i e n c ~ )  

F3 = ( s o u r c e  C o l l i m a t i o n   actor) 

Fl+ = ( ~ a g n e t i c  Hyperf ine  S t r u c t u r e  of t h e  Atom) 

F5 = ( S t a t e  S e l e c t o r  ~ r o ~ e r t i e s )  

F6 = ( T a r g e t  Dis tance  and ~ ~ e r t u r e )  

F7 = ( ~ e t e c t o r  E f f i c i e n c y  o r  Maser Paramete rs )  

F igure  2 shows t h e  normal ized  d i s t r i b u t i o n  of i n t e n s i t i e s  i n  t h e  beam 
emerging from t h e  s o u r c e  a s  a  f u n c t i o n  of v e l o c i t y  and t empera tu re .  For  
an  oven s o u r c e  a  most impor tan t  c o n s i d e r a t i o n  i s  t h a t  t h e  d i s t r i b u t i o n  
i s  r e l a t i v e l y  b r o a d ,  and a s t a t e  s e l e c t o r  sys tem may s e l e c t  atoms 
hav ing  c o n s i d e r a b l y  h i g h e r  o r  lower v e l o c i t y  t h a n  t h e  most p r o b a b l e ,  i f  
d e s i r e d .  For example, i n  t h e  c a s e  of cesium s t a n d a r d s  i t  i s  common 
p r a c t i c e  t o  s e l e c t  v e l o c i t i e s  50% o r  more lower t h a n  t h e  peak of t h e  
d i s t r i b u t i o n  s o  a s  t o  a c h i e v e  t h e  h i g h e s t  l i n e  Q .  

Another impor tan t  r e s u l t  o f  t h e  broad d i s t r i b u t i o n  i s  t h a t  i t  i s  n o t  
e s s e n t i a l  t h a t  t h e  a tomic s t a t e  o r  t h e  s t a t e  s e l e c t o r  have e x a c t  
f o c u s s i n g  p r o p e r t i e s  t o  a c h i e v e  maximum i n t e n s i t y ,  s i n c e  atoms i n  some 
v e l o c i t y  range a t  a  p a r t i c u l a r  s o u r c e  emergent a n g l e  w i l l  be focussed 



as long  a s  t h e  sys tem i s  o n l y  approx imate ly  i - d e a l i z e d .  

The d i s t r i b u t i o n  of  v e l o c i t i e s  from a n  RF d i s s o c i a t o r  s o u r c e  i s  much 
l e s s  i d e a l  than  t h e  oven s o u r c e .  The d i s t r i b u t i o n  v a r i e s  w i t h  many 
f a c t o r s  such a s  KF power, s o u r c e  bulb  s i z e  and m a t e r i a l ,  and t h e  
degree  t o  which t h e r m a l l i z a t i o n  occurs  b e f o r e  emerging,  The most 
prominent f e a t u r e s  of a  d i s c h a r g e  s o u r c e  a r e  t h e  l a r g e  p o p u l a t i o n  of  
h o t t e r  than  ambient atoms, and l e s s  t h a n  p e r f e c t  d i s s o c i a t i o t l  
e f f i c i e n c y .  For  a  d e v i c e  such a s  t h e  hydrogen maser Che most 
impor tan t  f u n c t i o n s  of  t h e  s t a t e  s e l e c t o r  a r e  t o  c a p t u r e  t h e  l a r g e s t  
f r a c t i o n  of  t h e  atoms i n  t h e  r i g h t  s t a t e ,  and most  i m p o r t a n t l y ,  t o  
d e f l e c t  s t r o n g l y  t h e  wrong s t a t e  a toms.  

F i g u r e  3 shows t h e  e f f e c t  of  t h e  source  c o l l i m a t o r  i n  c o n s e r v i n g  
a toms.2  T h i s  g i v e s  t h e  i n t e n s i t y  i n  a n  increment  o f  s o l i d  a n g l e  
emerging from t h e  s o u r c e  c o l l i m a t o r  as  a f u n c t i o n  o f  t h e  emergent 
a n g l e ,  I t  i s  c l e a r  t h a t  a l a r g e  improvement i n  f l u x  u t i l i z a t i o n  may be 
o b t a i n e d  w i t h  t h e  c o l l i m a t o r ,  b u t  a  peak i s  r eached  when t h e  r a d i u s  t o  
l e n g t h  r a t i o  of  t h e  c o l l i m a t o r  becomes comparable t o  t h e  s t a t e  s e l e c t o r  
a c c e p t a n c e  a n g l e .  I n  t h e  c a s c  of  d i s c h a r g e  s o u r c e s  one must bc aware 
t h a t  r ecombina t ion  may occur  on t h e  c o l l i n i a t o r ~ w a l l ,  and i n  p r a c t i c e  
a/L i s  u s u a l l y  no s m a l l e r  t h a n  .O5. 

MAGNETIC HYPERFINE STRUCTURE AND FORCES ON TIlE ATOM 

Reference  (1) may be r e f e r r e d  t o  f o r  most of t h e  t h e o r e t i c a l  b a s i s  f o r  
t h i s  paper  and f o r  t h e  exper imenta l  d a t a  on h y p c r f i n c  f r e q u e n c i e s  and 
o t h e r  a tomic  and n u c l e a r  d a t a  a s  w e l l  a s  f o r  a tomic  and molecu la r  Learn 
e a r l y  h i s t o r y .  For  t h e  purposes  of t r a j e c t o r y  a n a l y s i s  s e v e r a l  
approx imat ions  w i l l  be made which a r e  e n t i r e l y  v a l i d  w i t h i n  t h e  
accuracy  r e q u i r e d .  Thus t h e  n u c l e a r  magnet ic  moment i s  c o n s i d e r e d  
n e g l i g i b l e  i n  magnitude i n  r e l a t i o n  t o  t h e  e l e c t r o n i c  moment, a n g l e s  
measured normal t o  t h e  beam a x i s  a r e  v e r y  smal l  s o  t l ~ a t  s i n e s  e q u a l  
t a n g e n t s  e q u a l  a n g l e s  i n  r a d i a n s ,  and t h c  magnitude o f  t h e  z a x i s  
v e l o c i t y  i s  equa l  t o  t h e  t o t a l  v e l o c i t y  magni tude.  

The s t a r t i n g  p o i n t  f o r  ene rgy  and f o r c e  c o n s i d e r a t i o n s  f o r  J = 112 
atoms, which a r e  a lmos t  i n v a r i a b l y  t h e  ones of  concern ,  i s  t h e  B r e i t -  
Rabi e q u a t i o n  (Refe rence  1, pp  80.) The f o r c e  on t h e  atom i n  t h c  
r a d i a l l y  symmetric f i e l d  magnitude and f i e l d  g r a d i e n t  of t h e  s t a t e  
s e l e c t o r  i s  t h e  f i r s t  d e r i v a t i v e  o f  the  energy  w i t h  r e s p e c t  t o  t h e  
r a d i u s .  F i g u r e  4 i s  a p l o t  of  t h e  cnergy l e v e l s  of an atom w i t h  
n u c l e a r  moment I = 112 a s  a  f u n c t i o n  o f  t h e  magnet ic  f i e l d .  The f o r c e  
on atoms w i t h  I g r e a t e r  t h a n  112 and ni = 0 a r c  the  same, while t h e  
f o r c e s  on l e v e l s  w i t h  maximum / m \  a r e  t h e  same a s  f o r  t l l ~  l m l  = 1 
l e v e l s  shown. The m = 0 l e v e l s  a r e  u s u a l l y  t h e  ones of  primary 
i n t e r e s t  f o r  f o c u s s i n g  i n  a tomic  s t a n d a r d s .  

For  a tomic  beam magne t i c  r e sonance  s t a n d a r d s  i t  i s  d e s i r a b l e  t o  d i r e c t  



atoms i n  a  p a r t i c u l a r  s t a t e  through an i n t e r a c t i o n  r e g i o n  t o  a 
r e l a t i v e l y  d i s t a n t  d e t e c t o r  t a r g e t .  For  a  s t a t e  w i t h  a  permanent mo- 
ment,  o r  w i t h  H c o n s i d e r a b l y  s m a l l e r  t h a n  t h e  s t a t e  s e l e c t o r  f i e l d s ,  1 
a hexapo le  magnet p r o v i d e s  t h e  d e s i r e d  f o c u s s i n g  f i e l d s .  However, i f  
H i s  much g r e a t e r  t h a n  t h e  s t a t e  s e l e c t o r  f i e l d s ,  o r  i f  some v e l o c i t y  1 
dispersion i s  a l l o w a b l e  i n  t h e  d e t e c t e d  atoms, t he  quadrupo le  s t a t e  
s e l e c t o r  w i l l  u s u a l l y  p r o v i d e  a much more i n t e n s e  d e t e c t e d  beam. 

For maser s t a n d a r d s  t h e  c h o i c e  depends upon t h e  t a r g e t  d i s t a n c e  and 
a p e r t u r e ,  b u t  For t h e  compact geometry of  r e c e n t  maser d e s i g n s  t he  
quadrupole  s t a t e  s e l e c t o r  p r o v i d e s  v e r y  s i g n i f i c a n t  advan tages  a s  w i l l  
be  d i s c u s s e d  l a t e r .  I t  i s  s e e n  i n  f i g u r e  4  t h a t  t h e  v a l u e  o f  HI  For a  
p a r t i c u l a r  atom i s  i m p o r t a n t  i n  c o n s i d e r i n g  t h e  dynarnical b e h a v l o r  of  
t h e  atom w i t h i n  t h e  s t a t e  s e l e c t o r .  T y p i c a l  quadrupo le  t i p  f i e l d s  a t  
s a t u r a t i o n  a r c  10 k i l o g a u s s  o r  g r e a t e r ,  w h i l e  hexapo le  t i p  f i e l d s  o f  
7  k i l l o g a u s s  may be o b t a i n e d .  

Char t  I below g i v e s  t h e  approximate  v a l u e  o f  H1 c a l c u l a t e d  f o r  s e v e r a l  
i n t e r e s t i n g  atoms a s  w e l l  a s  o t h e r  p e r t i n e n t  d a t a .  The c a l c u l a t i o n s  
f o r  t h i s  c h a r t  use  d a t a  from Refe rence  1. 

CHART I 

ATOM I V o  GlIz H 1  GAUSS 
2  

~ v / ~ ' - ~ z / ( ~ a u s s )  MULTIPLICITY 

H 1 112 1 .42 5  10 2,750 4 

Na 2 3  3 /2  1 . 7 7  6  30 2,210 8  

A 1  27 512 1 . 5 1  1 ,610  290 12 

Ga 69 312 2.68 2,870 160 8 

Rb 85 512 3.04 1 ,080 1 ,290  12 

Rb 87 312 6 .84  2,440 5 70 8 

Ag 107 112 1 - 7 1  6 10 2,290 4 

Ag 109 112 1 . 9 8  7  10 1 ,980  4  

C s  133 712 9 .19 3 ,280 430 16 

Au 197 312 6 . 1 1  2,180 640 8 

T1 203 112 2 1 . 1  22,600 20.6 4  

TI 205 1 1 2  2 1 . 3  22,800 20.4 4 



- 

I n  c a l c u l a t i n g  beam e f f i c i e n c i e s  i t  i s  i m p o r t a n t  t o  n o t e  t h a t  atoms 
w i t h  I g r e a t e r  t h a n  112 s u f f e r  a s i g n i f i c a n t  l o s s  due t o  t h e  m u l t i -  
p l i c i t y  o f  tlie s t a t e s .  The number of  ground s t a t e  h y p e r f i n e  l e v e l s  
f o r  each a t o n  i s  l i s t e d  i n  tfie Last  column. Not- on ly  does t h e  m u l t i -  
p l i c i t y  r educe  t h e  p e r c e n t a g e  of atoms i n  t h e  s e l e c t e d  s t a t e ,  b u t  
t t l e re  31-F. s e r i o u s  problems w i t h  nearby ( A  111 = 0) t r a n s i t i o n s  which 
f o r c e  one t o  use  re1  n t i v c l y  h i g h  " C  F i e l d s "  w i t h j  11 tile i n t e r r a c t i o l l  
r e g i o n  t o  m a i n t a i n  s e p a r a t i o n  of t h e  s e v e r a l  re. ;onances,  For  example,  
w i t h  cesium, one ri~ust u5c "C  ~ i e l d s "  o f  t h e  o r d e r  of  .04 Gauss o r  
g r e a t e r ,  w h i l e  w i t h  1 = 1 1 2  atoms s u c t ~  a s  t h a l l i u m ,  s i l v e r ,  o r  hydrogen,  
one may use  f i e l d s  as  low a s  100 r~l icrogauss  o r  l e s s  i f  d e s i r e d ,  and 
t h e r e  i s  n e g l i g i b l e  i n a c c u r a c y  due t o  l a c k  of  lcriowledge of  t h e  f i e l d  
o r  due t o  d i s t o r t i o n s  from o v e r l a p p i n g  r e s o n a n c e s .  

CURVED BORE STATE SELECTORS 

To rnake G s t a t e  s e l e c t o r  a s  srnall a s  p o s s i b l e  ant1 t o  maxirriize t h e  
accep tance  a n g l e ,  t h e  rn'lgnet bore r a d i u s  should  i d e a l l y  be  a s  c l o s e  a s  
p 0 5 s i b l c  t o  t h e  beam. I t  i s  p o s s i b l e  t o  niaice such a s t a t e  s e l e c t o r ,  
and i n  a d d i t i o n  t o  ach ieve  a  f o c u s s i n g  f i c l d  f o r  c c r t a i n  o f  t h e  
magnet ic  quantum s t a t e s .  F i g u r e  5 i l l u s t r a t e s  the geometry of t h i s  
d e s i g n .  The s t a t e  s e l e c t o r  may be  e i t h e r  h e x a p o l a r  o r  q u a d r u p o l a r .  
I t  i s  assumed i n  t h e  a n a l y s i s  t h a t  atoms of t h e  l a r g e s t  r a d i u s  a r e  
n e a r  to and have a  v e l o c i t y  v e c t o r  t a n g e n t  t o  t h e  bore  r a d i u s .  The 
e q u a t i o n s  d e f i n i n g  the  magnet cu rve  a r e  a l s o  g i v e n  i n  F i g u r e  5 .  For  
a n  atom such a s  t t l a l l i u m  a s t r o n g  f o c u s s i n g  a c t i o n  cou ld  be o b t a i n e d  
f o r  t h e  (1,0) s t a t e ,  w h i l e  t h c  m = 1 a s  w e l l  as  thc d e f l e c t e d  s t a t e s  
would be  v e r y  "unfocussed . "  Th i s  i s  one example where a  "pure" beam 
of ( 1 , 0 )  atoms cou ld  be o b t a i n e d  s o  t h a t  a  " p o i n t "  d e t e c t o r  would n o t  
have a  l a r g e  n o i s e  f l u x  n f  o t h e r  a tomic  s t a t e s .  

I n  n e a r l y  a l l  c a s e s  of  i n t e r e s t  i t  i s  n o t  n e c e s s a r y  ( o r  p r a c t i c a l )  t o  
use  a curved bore  s t a t e  s e l e c t o r  s i n c e  t h e  i d e a l  bore  d imensions  a r e  

I 

s o  smal l  and  t h e  r e q u i r e d  c u r v a t u r e  s o  s l i g h t .  However, t a p e r e d  b o r e  
s t a t e  s e l e c t o r s  can  be made which g i v e  r e s u l t s  n e a r l y  a s  good, and 
t h e y  a r e  more p r a c t i c a l  t o  f a b r i c a t e .  

TAPERED BORE AND U N I F O R M  BOKE STATE SELECTOKS 

Both hexapo le  and quadrupole  s t a t e  s e l e c t o r s  wi th  t a p e r e d  b o r e s  a r e  
more e f f i c i e n t  t h a n  uniform bore  s t a t e  s e l e c t o r s  f o r  beam resonance  
d e v i c e s .  Por atoms such a s  hydrogen,  sodium, o r  s i l v e r ,  w i t h  111 v e r y  
much l e s s  t h a n  t h e  magnet t i p  f i ~ l d ,  a hexapole  magnet would be t h e  
l i k e l y  c h o i c e ,  a l t h o u g h  f o r  s e l e c t i n g  very  c o l d  atoms from a h i g h e r  
t e m p e r a t u r e  v e l o c i t y  d i s t r i b u t i o n  n  r e l a t i v e l y  weak, l a r g e  b o r e ,  
quadrupole  would be u s e d .  

I n  most o t h e r  c a s e s  a  quadrupole  s t a t e  s e l e c t o r  w i l l  g i v e  t h e  b e s t  
r e s u l t s .  I t  shou ld  be emphasized that: f o r  a l l  atoms emerging from 
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t h e  s o u r c e  a t  a  p a r t i c u l a r  a n g l e  w i t h i n  t h e  maximum accep tance  a n g l e  
t h e r e  i s  always one v e l o c i t y  f o r  which f o c u s s i n g  o c c u r s  upon a g i v e n  
t a r g e t .  Thus i f  t h e  range  o f  focussed  v e l o c i t i e s  f a l l s  w i t h i n  t h e  
more p robab le  p a r t  o f  t h e  v e l o c i t y  d i s t r i b u t i o n ,  a  v e r y  e f f i c i e n t  
s e l e c t i o n  of t h e  d e s i r e d  s t a t e  may be o b t a i n e d .  For most atoms a  
quadrupole  s t a t e  s e l e c t o r  may be c o n f i g u r e d  t o  o b t a i n  t h e  b e s t  r e s u l t s ,  
even though H1 i s  o n l y  a f r a c t i o n  o f  t h e  magnet t i p  f i e l d .  

F igure  6 diagrams t h e  c o o r d i n a t e s  and d e f i n e s  t h e  parameters  which a r e  
used i n  subsequent  e q u a t i o n s  f o r  b o t h  t h e  t a p e r e d  b o r e  and t h e  c o n s t a n t  
b o r e  s t a t e  s e l e c t o r s .   or c o n s t a n t  bore  u = 0 )  8w2 i s  d e f i n e d  by t h e  
r a t i o  o f  maximum p o t e n t i a l  energy  t h e  atom i n c u r s  i n  t r a v e r s i n g  t h e  
f i e l d  from t h e  a x i s  t o  t h e  bore  t i p  d i v i d e d  by t h e  thermal  k i n e t i c  
energy .  It shou ld  be n o t e d  t h a t  t h e  the rmal  k i n e t i c  energy of t h e  
atom i n  t h e  beam, 1/2mv2, i s  e q u a l  t o  312 KT,  and i s  independant  of t h e  
 articular atomic mass. I t  i s  assumed t h e  s t a t e  s e l e c t o r  t i p  i r o n  i s  
s a t u r a t e d  and t h e  t i p  f i e l d  i s  c o n s t a n t .  

F igure  7 g i v e s  t h e  t r a j e c t o r y  e q u a t i o n s  f o r  t h e  quadrupole  s t a t e  
s e l e c t o r  f o r  s t a t e s  which have a  c o n s t a n t  magnet ic  moment o r  i n  which 
t h e  moment i s  e s s e n t i a l l y  c o n s t a n t  due t o  t h e  magnet f i e l d s  be ing  
g e n e r a l l y  g r e a t e r  t h a n  HI. F i g u r e  8 g ives  the  r e s u l t s  f o r  o t h e r  
c a s e s  no ted  t h e r e i n .  

The e q u a t i o n s  g iven  i n  t h e  f i g u r e s ,  i f  used w i t h  judgement, p rov ide  a 
good b a s i s  f o r  approx imat ing  t h e  b e s t  s t a t e  s e l e c t o r  t y p e ,  as w e l l  as 
t h e  b o r e  r a d i u s  and l e n g t h ,  f o r  a  p a r t i c u l a r  atom and d e t e c t o r  t a r g e t  
a p e r t u r e  and d i s t a n c e .  

If d e s i r e d ,  t h e  e q u a t i o n s  o f  mot ion may be  s o l v e d  e x a c t l y  f o r  a l l  
c a s e s .  Thus,  i f  Ww i s  t h e  magnet ic  p o t e n t i a l  energy ( d e r i v e d  from t h e  
Bre i t -Rab i  e q u a t i o n ) ,  t h e  d i " f f e r e n t i a 1  e q u a t i o n  t o  be s o l v e d  i s :  

which s o l v e s  irmnedi"ate1y f o r  t h e  a n g l e  0 = d r / d z  

From h e r e  r may be s o l v e d  f o r  by e lementa ry  means f o r  e i t h e r  t h e  
hexapole  o r  quadrupo le .  

The accuracy  ach ieved  by e x a c t  computat ion u s u a l l y  f a r  exceeds  t h e  
p r a c t i c a l  n e c e s s i t y  i n  view of  t h e  u n c e r t a i n t i e s  due t o  mechanical  
t o l e r a n c e s  of t h e  s t a t e  s e l e c t o r ,  a l ignment  i n a c c u r a c i e s ,  o r  t h e  
i m p e r f e c t i o n  of t h e  magnet ic  f i e l d  p a t t e r n .  S e v e r a l  papers  on beam 
c a l c u l a t i o n  methods have been p u b l i s h e d ,  one of which i s  g i v e n  i n  
Reference 3 .  
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STATE SELECTORS FOR HYDROGEN llASEKS 

The hydrogen maser and s i m i l a r  d e v i c e s  p r e s e n t  a d i f f e r e n t  problem 
t h a n  beam resonance  d e v i c e s .  T r a d i t i o n a l l y ,  masers used hexapo le  
s t a t e  s e l e c t o r s  which were p laced  a  r e l a t i v e l y  l a r g e  d i s t a n c e  from t h e  
b u l b ,  and were des igned  t o  focuc atoms n e a r  t h e  peak of  t h e  modi f i ed  
Maxwell ian v e l o c i t y  d i s t r i b u t i o n .  Th i s  sys tem i s  q u i t e  i n e f f i c i e n t  due 
t n  t h e  s m a l l  s o l i d  a n g l e  t h e  bu lb  e n t r a n c e  s u b t e n d s  and t h e  l o s s  of t h e  
atoms i n  t h e  h i g h e r  t empera tu re  p a r t  of  t h c  r e a l  v e l o c i t y  d i s t r i b u t i o n .  

A quadrupo le  w i t h  v e r y  s m a l l  bore  d i a m e t e r ,  a n d  l e n g t h  t o  r a d i u s  r a t i o  
much g r e a t e r  t h a n  t h a t  d i c t a t e d  by t h e  peak o f  normal v e l o c i t y  d i s t r i b -  
u t i o n ,  w i l l  " c a p ~ u r c "  t h e  l a r g e s t  p o s s i b l e  f l u x  o f  atoms from a s o u r c e .  
Due t o  i t s  s m a l l  s i z e  and t h e  small  l e v e l  of  s t r a y  f i e l d s  caused by t h e  
magnet,  i t  may b e  p laced  w i t h i n  1 cm o r  l e s s  of t h e  maser s h i e l d s  
w i t h o u t  i n c u r r i n g  s h i e l d i n g  problems.  Thus t h e  s t a t e  s e l c c t o r  t o  b u l b  
d i s t a n c e  can be  minimized.  T y p i c a l  s t a t e  s e l e c t o r  e n t r a n c e  rnaximum 
c a p t u r e  a n g l e s  a r e  .04 r a d i a n s  o r  l e s s  (much l e s s  f o r  h i g h e r  v e l o c i t y  
atoms) t h u s  i f  t h e  b u l b  d i s t a n c e  i s  2 i n c h e s ,  a  bu lb  e n t r a n c e  d i a m e t e r  
of . I 6  i n c h e s  w i l l  " cap tu re"  e s s e n t i a l l y  a l l  o f  t h e  atoms "cap tu red"  
i n  t h e  s t a t e  s e l e c t o r .  Most i m p o r t a n t l y  though,  an  atom which i s  i n  a  
s t a t e  t o  be d e f l e c t e d  and whjch s t a r t s  o u t  w i t h  a  z e r o  e n t r a n c e  a n g l e  
w i l l  have a  r e l a t i v e l y  l a r g e  e x i t  a n g l e .  C a l c u l a t i o n s  f o r  t h e  s m a l l  
magnet i n d i c a t e  t h a t  e s s e n t i a l l y  a l l  of  the "wrong s t a t e "  atoms w i l l  
n o t  e n t e r  t h e  b u l b  i n  t h e  above example.  

Due t o  t h e  h igh s t a t e  s e l ~ c t i u n  c f f i c i c ~ ~ c y  of t h e  smal l  q u a d r u p o l e  in a  
compact maser d e s i g n ,  t h e  s o u r c e  e x i t  c o l l i m a t o r  d iamete r  may be v e r y  
s m a l l ,  and t h e  i d e a l i z a t i o n  assumed i n  t h e  c a l c u l a t i o n s  t h a t  t h e  atom 
e n t e r s  t h e  s t a t c  s e l e c t o r  from a p o i n t  s o u r c e  i s  c l o s e l y  r e a l i z e d .  
Hydrogen atorn f l u x  e f f i c i e n c i e s  1 , 0 0 0  t imes  b e t t e r  t h a n  o b t a i n e d  w i t h  
e a r l y  hydrogen masers  a r e  thus  p o s s i b l e  w i t h  r e c e n t  maser  design^.^)^ 

STATE SELECTOR D E S I C N S  

Figure  9 i s  a p i c t u r e  showing 3  stat^ s e l e c t o r s  r e c e n t l y  made a t  Sigrna 
Tau S t a n d a r d s  C o r p o r a t i o n  which arc. examples of t h e  s t a t e  o f  t h e  a r t  a t  
t h i s  w r i t i n g .  On t h e  l e f t  i s  a t a p e r e d  bore  quadrupole  w i t 1 1  a bore  
e n t r a n c e  d iamete r  of . 30  mtn, e x i t  d iamete r  1./t rrml, l e n g t h  38 mm, and 
a = .0145. 

On t h e  r i g h t  i n  F i g u r e  9 i s  a t a p e r e d  bore  hexapole  w i t h  e n t r a n c e  
dia tneter  -90 nlm, e x i t  d i a m e t e r  1 . 7 0  nu;), l eng th  38 mm and a = .011.  

I n  t h e  c e n t e r  i n  F i g u r e  9 i s  a v e r y  s m a l l  t a p e r e d  b o r ~  quadrupo le  w i t h  
e n t r a n c e  d i a m e t e r  -46  mm, e x i t  d iamete r  .97 mm, lengtt l  25 .4  nm and 
(1 = .010.  Th i s  s t a t c  s c l e c t o r  h a s  been d e s i g n e d  For a  h j g h  f l u x  
compact hydrogen maser .  The maximum d i a m e t e r s  t h a t  may be  used w i t h  
t h i s  s m a l l  s t a t e  s e l e c t o r  and s t i l l  m a i n t a i n  magnet ic  s a t u r a t i o n  i s  
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abou t  1 . 2  mm and t h e  minimum, d i c t a t e d  by p r e s e n t  mechanical  t o l e r -  
a n c e s ,  i s  about  .25  mm. Wi th in  t h i s  r a n g e  and w i t h  a  l e n g t h  of  25.4 rmn 
(1 i n c h )  i t  may e a s i l y  be c o n f i g u r e d  t o  t h e  requ i rements  of  a tomic  beam 
resonance  s t a n d a r d s  u s i n g  many of  t h e  d i f f e r e n t  atoms d e s c r i b e d  i n  
t h i s  paper .  The p a r t i c u l a r  d imensions  o f  t h e  s m a l l  s t a t e  s e l e c t o r  
shown i n  F i g u r e  9 a r e  i d e a l  f o r  compact hydrogen masers  w i t h  s t a t e  
s e l e c t o r  t o  b u l b  d i s t a n c e s  o f  2 inches  t o  8 i n c h e s  o r  o v e r ,  depending 
upon b u l b  a p e r t u r e .  

CONCLUSION 

T h i s  paper  i l l u s t r a t e s  t h a t  w i t h  new s t a t e  s e l e c t o r  d e s i g n s  and new 
and improved a tomic  beam s t a n d a r d  c o n f i g u r a t i o n s  i t  i s  p o s s i b l e  t o  
a c h i e v e  much more e f f i c i e n t  use  of  s o u r c e  f l u x  and t o  focus  very 
l a r g e  i n t e n s i t i e s  of a  v a r i e t y  o f  atoms. It i s  t h u s  v e r y  p o s s i b l e  t o  
improve t h c  e f f i c i e n c y ,  s t a b i l i t y ,  and accuracy  o f  e x i s t i n g  s t a n d a r d s  
o r  t o  d e s i g n  new s t a n d a r d s  based  upon atoms which have fundamental  
p r o p e r t i e s  which may be s u p e r i o r  t o  t h o s e  o f  s t a n d a r d s  p r e s e n t l y  i n  use. 
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F i g u r e  1. Magnetic S t a t e  S e l e c t o r s  And Beam Standard Schematic. 



Figure 2, Intensity Distribution Of Atoms In A Beam Emerging From An 
Oven Or Discharge Source. 
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Figure 3. Intensity Of Beam In An Increment Of Solid Angle Emerging 
From A Source Collimator Versus The Emergent Angle. 





For 8,- 0 '' -@6wS dz - * 

Figure 5. Curved Bore S t a t e  S e l e c t o r  i l iagram And Curvature Analysis. 



Figure 6. Diagram Of Coordinates And Parameters For Analysis Of Atom 
Trajectories Within State S e l e c t o r s .  



ATOM PATH IN QUADRUPOL E 57A7L 5ELECTi  
/ 0 FOR F ( / , f / )  STATE5 OR F(=) w/m H r h :  

Figure 7. Equations Of Motion Within State Selector For Cases Where 
The Magnetic Moment Is Constant, Or Nearly So. 



Figure 8.  Equations Of Motion With in  Quadrupole State Selector 
For  (m = 0 )  Cases Where H I s  Less Than H Or W i t h i n  

1 
Hexapole I n  Cases Where The Magnetic Moment I s  C o n s t a n t ,  
O r  Near ly  So. 



F i g u r e  9 .  Quadrupole And Hcxapole State S e l e c t o r s  Produced A t  
S i g m a  Tau S tandards  Corpora t i o n .  Fo r  Dimensional  I<efcrence  
The Slriall Quadrupole  rn Tlie Cen te r  Has A Tapered Bore With 
E n t r a n c e  I)i ameter of  . 46  mrn, E x i t  Diar~lclter . 9 7  mm, And 
Is 25.4 nlm Long. The P o l e s  A r e  S a t u r a t e d  And Have T i p  
F i e l d s  O f  Approxir~lately 10 Kilogauss Ln The (2uadrupole 
U n i t s ,  And 7 Ki logauss  I n  The Iiexapole.  



QUESTIONS AND ANSWERS 

DR. VICTOR REINHARDT , NASAIGoddard 

What k i n d  o f  e f f i c i ency  improvement do you see i n  a tapered bore 
over a non-tapered bore? And how do you measure i t ?  

MR. PETERS: 

Okay. We1 1, if you use a quadrupole y o u ' l l  ge t  about a 50 percent 
e f f i c i e n c y  i n  t o t a l  s o l i d  angle. But  i f  you a l so  use a tapered 
bore o f  t he  r i g h t  geometry, t h a t  i s  up t o  the  sa tura te  p o i n t  and 
a d j u s t  it, the  b i g  end, and the  small end i s  t he  proper dimensions, 
y o u ' l l  ge t  another f ac to r  of a t  l e a s t  50 percent,  because i n  a 
hydrogen maser you a re  going t o  focus a l o t  more of t he  h igh  veloc-  
i t y  atoms, due t o  the  in tense f i e l d s  near the  source. I t ' s  an i n -  
determinate increase i n  atoms over t he  case of a more convent ional 
s t a t e  se lec tor .  

Now over j u s t  a s t r a i g h t  bore s t a t e  se lec tor ,  probably i t  
would be something on t h e  order  of t he  small geometry. I t ' l l  
probably be no more than a 50 percent  d i f f e rence ,  

I should mention t h a t  t he  s t r a i g h t  geometry on a small bore 
s t a t e  s e l e c t o r  has an advantage fo r  c lose  up t r a j e c t o r i e s  i n  t h a t  
i t  defocusses a l l  t he  wrong s t a t e  atoms very  e f f e c t i v e l y .  And so, 
then, i n  some cases, you may s t i l l  want t o  use a s t r a i g h t  bore 
s t a t e  se lec to r .  

DR. REINHARDT: 

Have you experimental  1y v e r i f i e d  t h a t ?  

By l ook ing  a t  a hydrogen maser. Tapered bore versus s t r a i g h t  
bore. 

MR. PETERS: 

No, V i c to r ,  I haven' t .  

DR. REINHARDT: 

Thanks a l o t .  

DR. WINKLER: 

Your t a l k  brought back memories o f  7959 when Professor  Kusch sug- 
gested ve ry  s t r o n g l y  i n  an ana lys i s  t o  use tha l l i um.  And from a l -  
most a l l  p o i n t s  o f  view i t  would be a super io r  choice. Except t h a t  



work which t hen  was s t a r t e d  i n  a coup le  o f  l a b o r a t o r i e s  was stopped 
because o f  t h e  d i f f i c u l t y  t o  d e t e c t  i t. 

And now, o f  course, you cou ld  cons ide r  schemes o f  o p t i c a l  
pumping and o p t i c a l  d e t e c t i o n .  And then  t h a t  would be an e n t i r e l y  
d i f f e r e n t  s i t u a t i o n .  Have you though t  about  t h a t ?  

MR. PETERS: 

Yes, indeed, Dr. Wink le r .  I t h i n k  t h a t  we can. Of course, t h e  
e a r l i e r  schemes w i t h  t h a l l i u m  Zeeman t r a n s i t i o n s  were t o  boo t  t h e  
one s t a t e  down t o  t h e  one zero  s t a t e .  And t h i s  has i t s  advantages 
o r  d isadvantages.  

Bu t  i f  we can focus  an in tense ,  ve r y  i n t e n s e  beam of t h e  one 
zero  -- r e l a t i v e l y ,  I should  say, you l o s e  about a  f a c t o r  o f  12, 
b u t  you g a i n  by  focuss ing t h e  one zero s t a t e .  

You can g a i n  p a r t  of t h i s  back by s e l e c t i n g  a lower  tempera- 
t u r e  from t h e  d i s t r i b u t i o n .  And t h i s  i s  done i n  cesium, f o r  ex- 
ample. But, i f  you g e t  a  v e r y  i n t ense  beam, a  r e l a t i v e l y  v e r y  
i n t e n s e  beam, and you should  be a b l e  t o  ge t ,  maybe, t h r e e  o f  f o u r  
o rde rs  o f  magnitude more atoms a t  t h e  d e t e c t o r  than  you do w i t h  a  
cesium beam, which i s  o n l y  about  10 t o  t h e  s i x t h ,  o r  10 t o  t h e  
seventh, atoms pe r  second, t o  g e t  t h e  marvelous performances t h e y  
a r e  g e t t i n g .  

You c o u l d  use a modern mass spect rometer ,  commerc ia l l y  a v a i l -  
ab le ,  p robab ly ,  t o  g e t  t h e  same s i g n a l  t o  no i se  r a t i o .  

You c o u l d  p robab ly  use l a s e r  techniques.  I t h i n k  you m igh t  
use a penning t r a p  o r  another  t ype  of t r a p  i o n i z e r  t o  i o n i z e  t h e  
t h a l l  ium atoms. 

So I t h i n k  t h i s  problem cou ld  be solved. And i t  c e r t a i n l y  
deserves l o o k i n g  i n t o .  

DR. JOHN BERLINSKY, U n i v e r s i t y  of B r i t i s h  Columbia 

I d i d n ' t  ment ion  t h i s ,  b u t  i n  our  low temperature exper iments  we 
make t h e  RF d ischarge  a t  t h e  temperature of t h e  d i l u t i o n  r e f r i g -  
e r a t o r ,  which i s  about  h a l f  a  degree. 

And some o f  ou r  compe t i t o r s  have demonstrated t h a t  you can 
make a beam where t h e  nozz le  a t  t h e  o u t l e t  i s  a t  fou r  degrees, and 
t h e  beam temperature,  t h e  temperature d i s t r i b u t i o n  l ooks  l i k e  a 
f i v e  degree d i s t r i b u t i o n .  



Our needs, on the other hand, are  more or less  the same as 
you described. We would l ike  to  have a small s t a t e  selector with 
good acceptance. 

How much could you improve things, i f  you could work the beam 
a t  low temperatures? 

MR. PETERS: 

I don ' t  see -- well, of course I don't know exactly the design of 
s t a t e  selector tha t  you are  presently acquainted with, or using. 

DR. BERLINSKY: 

Well, we don't ,  of course, in our present experiments use a s t a t e  
selector.  B u t  i f  we made a maser we might. 

MR. PETERS: 

Well, the only problem tha t  I can see off-handedly, I haven't 
looked a t  the low temperature properties, the materials in the 
s t a t e  selector in de ta i l ,  i t  seems to me would be the thermal ex-. 
pansion coefficients between the cerium cobalt magnet parts and 
the sof t  iron parts. And I think they're a l l  good materials and 
retain the i r  magnetism, and i t ' s  f a r  below the Curie point. 

The small magnet you saw here used epoxy, which we'd probably 
have t o  do away with, and they can easi ly  be fastened, jus t  as the 
larger ones were, with screws and the adjustables. So I see no 
reason why that  couldn't be applied. 

Also I started to  p u t  together, b u t  i t  was a l i t t l e  tedious, 
one which was only a half an inch long, and as small a bore d i -  
ameter as I could r ea l i s t i ca l ly  work with under the microscope. 
B u t  I d idn ' t  bring i t .  I said in the program, perhaps, I was going 
to .  B u t  I d idn ' t .  

B u t  t h i s  could give you one t h i s  big. And I don't  know i f  
you're worried about the proximity of the source to the region. 
B u t  I suspect that  within t h i s  range of s izes  something would prob- 
ably apply very r e a l i s t i c a l l y  to  your apparatus. 

DR. REINHARDT: 

One quick comment, t o  further answer that  question. 

Because the atoms are  moving much slower a t  low temperature, 
your efficiency theoret ical ly  should go u p  as the r a t io  of the 
temperature. 



I DR. RE I NHARDT : 

B u t  I th ink  the  angles would get  so l a rge  t h a t  you'd l i m i t  t o  two n 
sol id angles. 

I DR.  VESSOT: 

Things look awfully good when th ings  get  cold ,  Victor.  There ' s  no 
question about i t .  And anything Harry said would apply i n  space. 

MR. PETERS: 

I f  I could answer t h a t  question fu r the r .  I think t h a t  a tapered or 

I curved pole s t a t e  s e l e c t o r  with a parabolic  curve l i k e  a space 
antenna would probably do the  job w i t h o u t  any f u r t h e r  ca lcu la t ions  
a t  the  moment. 

And i t  probably i s  very f e a s i b l e .  B u t  your poles w o n ' t  be 
sa tura ted  i f  you g e t  a l a rge r  bore. You'll have t o  dea l  with a 
l i t t l e  b i t  d i f f e r e n t  ca lcu la t ion .  




